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Neuronal Nitric Oxide Contributes to Neuroplasticity-
Associated Protein Expression through cGMP, Protein
Kinase G, and Extracellular Signal-Regulated Kinase
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Nitric oxide (NO) synthesized by neuronal NO synthase (nNOS) has long been implicated in brain plasticity. However, it is unclear how
this short-lived mediator contributes to the long-term molecular changes underlying neuroplasticity, which typically require activation
of the mitogen-activated protein kinase/extracellular signal-regulated kinase (ERK) signaling pathway and gene expression. To address
this issue, we used a neuroplasticity model based on treatment of neuronal cultures with bicuculline and a model of experience-
dependent plasticity in the barrel cortex. In neuronal cultures, NOS inhibition attenuated the bicuculline-induced activation of ERK and
the expression of c-Fos, Egr-1, Arc, and brain-derived neurotrophic factor (BDNF), proteins essential for neuroplasticity. Furthermore,
inhibition of the NO target soluble guanylyl cyclase or of the cGMP effector kinase protein kinase G (PKG) reduced both ERK activation
and plasticity-related protein expression. NOS inhibition did not affect phosphorylation of cAMP response element-binding protein
(CREB), a well-established ERK nuclear target, but it attenuated the nuclear accumulation of the CREB coactivator TORC1 and sup-
pressed the activation of Elk-1, another transcription factor target of ERK. Consistent with these in vitro observations, induction of c-Fos,
Egr-1, and BDNF was attenuated in the D1 cortical barrel of nNOS�/� mice subjected to single whisker experience. These results establish
nNOS-derived NO as a key factor in the expression of proteins involved in neuroplasticity, an effect mediated through cGMP, PKG, and
ERK signaling. These actions of NO do not depend on CREB phosphorylation but may involve TORC1 and Elk-1. Our data unveil a
previously unrecognized link between neuronal NO and the molecular machinery responsible for the sustained synaptic changes under-
lying neuroplasticity.

Introduction
The NMDA receptor (NMDAR) is central to the structural and
functional synaptic changes underlying neuroplasticity (Citri
and Malenka, 2008). Ca 2� influx through NMDAR activates
multiple signaling cascades that convey synaptic information to
the cell nucleus for new gene expression (Flavell and Greenberg,
2008). Among these signaling pathways, the extracellular signal-
regulated kinase (ERK) cascade is required for different forms of
synaptic plasticity, such as long-term potentiation (LTP) and
long-term depression (LTD) (Rosenblum et al., 2002; Thiels et
al., 2002), and is linked to activity-dependent changes in den-
dritic structure (Wu et al., 2001b). ERK signaling constitutes a
major link between NMDAR activation and new protein synthe-
sis required for long-term synaptic modifications (Thomas and
Huganir, 2004). Furthermore, ERK is involved in the phosphor-

ylation of the transcription factors cAMP response element-
binding protein (CREB) and Elk-1, which drive the expression of
key plasticity-related genes (Flavell and Greenberg, 2008). CREB
can also be regulated in a phosphorylation-independent manner
via the coactivator transducer of regulated CREB activity
(TORC), which is required for long-term plasticity (Conkright et
al., 2003; Zhou et al., 2006; Sasaki et al., 2011).

Among the most extensively studied plasticity-related pro-
teins are the transcription factors c-Fos and Egr-1, which drive
the expression of delayed-onset effector genes and are thought to
initiate the complex genomic response underlying long-lasting
synaptic changes (Loebrich and Nedivi, 2009). Other proteins,
such as activity-regulated cytoskeleton-associated protein (Arc)
and brain-derived neurotrophic factor (BDNF), are thought to
directly modulate the number and structure of dendrites and
synapses (Bramham et al., 2008; Waterhouse and Xu, 2009).
However, the signaling pathways linking NMDAR activation to
ERK and gene expression in the context of neuroplasticity have
not been elucidated.

The neuronal isoform of nitric oxide (NO) synthase (nNOS) is
activated in response to Ca2�/calmodulin to produce the diffusible
second-messenger NO (Bredt and Snyder, 1990). nNOS is strategi-
cally positioned near NMDAR to generate NO in response to incom-
ing Ca2� (Brenman et al., 1996). Although NO has been implicated
in neuroplasticity (O’Dell et al., 1991; Schuman and Madison, 1991;
Lu et al., 1999), it is unclear how this short-lived molecule results
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in the underlying, long-lasting cellular
changes. In particular, a direct link be-
tween nNOS-derived NO and the expres-
sion of specific proteins linked to
neuroplasticity has not been provided.

Here, we used well-established models of
neuroplasticity in cortical neurons and in the
mouse whisker barrel cortex to investigate the
role of nNOS-derived NO in the expression of
proteins involved in neuroplasticity. We
found that neuronal NO is critical for the full
expression of neuroplasticity-associated pro-
teins both in vitro and in vivo. This effect of
NO involves activation of cGMP–protein ki-
nase G (PKG) and ERK signaling. NO is not
involved in CREB phosphorylation but con-
tributes to nuclear accumulation of the CREB
coactivator TORC1 and to Elk-1 activation.
The findings provide evidence that NO plays
an important role in driving the long-term
molecular changes underlying neuroplasticity
by linking NMDAR signaling to downstream
gene expression programs.

Materials and Methods
Mice. Male mice (7–10 weeks old) were used
with approval of the Institutional Animal Care
and Use Committee of Weill Cornell Medical
College. Studies were conducted in nNOS�/�

mice in C57BL/6 background and wild-type
C57BL/6 age-matched controls (nNOS�/�)
obtained from in-house colonies.

Primary cortical neuronal cultures. Mixed pri-
mary neocortical cultures were prepared from
embryonic days 16–17 mice and established in
Neurobasal medium (Invitrogen) supplemented
with B27 and L-glutamine, as described previ-
ously (Zhou et al., 2005; Kawano et al., 2006).
Cultures were stimulated with 50 �M bicuculline
methiodide (Tocris Bioscience) at 11–12 d in
vitro. The following agents were applied for 30
min before bicuculline treatment: L-NAME (N-
�-nitro-L-arginine methyl ester) (2 mM) from
Tocris Bioscience; PD98059 [2-(2-amino-3-
methyoxyphenyl)-4H-1-benzopyran-4-one] (50
�M) from Cell Signaling Technology); MK-801
[(�)-5-methyl-10,11-dihydro-5H-dibenzo [a,d]
cyclohepten-5,10-imine maleate] (10 �M) and
MnTBAP [Mn (III) tetrakis(4-benzoic acid) por-
phyrin] (200 �M) from Sigma-Aldrich; and
TRIM [1-(2-trifluoromethylphenyl)imidazole]
(100 �M), ODQ (1H-[1,2,4]oxadiazolo[4,3-
a]quinoxalin-1-one) (100 �M), and KT5823
[(9S,10 R,12 R)-2,3,9,10,11,12-hexahydro-10-
methoxy-2,9-dimethyl-1-oxo-9,12-epoxy-1 H-
diindolo[1,2,3-fg:3�,2�,1�-kl]pyrrolo[3,4-i][1,
6]benzodiazocine-10-carboxylic acid methyl es-
ter] (5 �M) from Enzo Life Sciences. Agents were
applied at effective concentrations as established
in previous studies from our laboratory or from
the literature (Chaban et al., 2001; Wu et al.,
2001a; Chen et al., 2005; Kawano et al., 2006; Ric-
cio et al., 2006; Park et al., 2008; Girouard et al.,
2009).

Western blot analysis. Lysates were processed
in SDS sample buffer, followed by SDS-PAGE

Figure 1. NO activates neuronal ERK signaling. A, Left, Western blots showing increased ERK1/2 phosphorylation in cortical neurons
treatedwithbicucullinefor5min(Bic;50�M),whereaspretreatmentwith L-NAME(2mM)orTRIM(100�M)reducesphospho-ERK1/2.The
NMDAR antagonist MK-801 (MK; 10�M) significantly attenuates the increase in ERK1/2 phosphorylation. The MEK inhibitor PD98059 (PD;
50�M) effectively blocks ERK1/2 phosphorylation. Right, Densitometric analysis of phospho-ERK2 (normalized to total ERK2), expressed as
a percentage of the induction obtained with bicuculline (% Bic Induction). Veh, Vehicle. B, Western blots showing bicuculline (Bic)-induced
increase in c-Fos, Egr-1, Arc (1 h), and BDNF (8 h). Pretreatment with PD98059 (PD; 50�M) blocks the increase in plasticity-related proteins
after bicuculline. *p � 0.05 from vehicle (Veh), #p � 0.05 from bicuculline; ANOVA and Tukey’s test; n � 4 –5 per group.

Figure 2. The full expression of plasticity-related proteins induced by bicuculline (Bic) depends on nNOS-derived NO. A, West-
ern blots showing that expression of c-Fos, Egr-1, Arc (1 h bicuculline), and BDNF (8 h) is reduced by MK-801 (MK). B, Neurons
pretreated with L-NAME or TRIM display attenuated levels of c-Fos, Egr-1, and Arc. C, Western blot showing a similar effect of NOS
inhibition on the levels of BDNF (left) and phosphorylated TrkB (p-TrkB; normalized to total TrkB, right) after 8 h bicuculline. *p �
0.05 from vehicle (Veh), #p � 0.05 from bicuculline; ANOVA and Tukey’s test; n � 5 per group.
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and transferred to polyvinylidene difluoride membranes (Millipore).
Membranes were incubated with primary antibodies against the follow-
ing proteins: c-Fos (1:200), Egr-1 (1:250), Arc (1:200), BDNF (1:250),
and Sp1 (1:200) from Santa Cruz Biotechnology; phospho-ERK1/2 (1:
2000), ERK1/2 (1:2000), phospho-TrkA/B (1:1000), TrkB (1:1000),
phospho-CREB (1:1000), TORC1 (1:1000), and phospho-Elk-1 (1:1000)
from Cell Signaling Technology; and �-actin (1:10,000) from Sigma.

Blots were digitally exposed using a Kodak Mo-
lecular Imaging Station. Densitometric analy-
sis was performed using NIH ImageJ software.
Band density values, normalized to loading
controls, were then converted to relative per-
centage values for each blot and averaged
across independent experiments.

Subcellular fractionation. Cortical neurons
were processed using the Proteoextract Subcel-
lular Proteome Extraction kit (Calbiochem),
following the instructions of the manufacturer
for adherent cells. Briefly, cultures were rinsed
with ice-cold wash buffer two times for 5 min,
followed by incubation in extract buffer I for 10
min on ice and under gentle shaking. Superna-
tants were collected as fraction 1 (cytosolic
proteins) and then extract buffer II was added
for 30 min. The supernatant yielded mem-
brane proteins (fraction 2). To obtain fraction
3 (nuclear proteins), extract buffer 3 was added
for 10 min, and the supernatants were collected
in 1.5 ml of microcentrifuge tubes and spun at
8,600 rpm for 10 min at 4°C to remove debris.
Supernatants containing the nuclear fraction
were collected.

Immunofluorescence. Cultures were briefly
rinsed with ice-cold PBS and fixed with 4%
paraformaldehyde (PFA) for 20 min. Neurons
were rinsed and then permeabilized with 0.1%
Triton X-100 in PBS for 20 min at room tem-
perature. After 30 min blocking step in 5% nor-
mal donkey serum in PBS, neurons were
labeled with primary antibody against TORC1
(1:200; Bethyl Laboratories) overnight at 4°C.
FITC-conjugated donkey anti-rabbit second-
ary antibodies (Jackson ImmunoResearch)
were used at 1:200. Images were acquired using
a Leica confocal microscope.

Single whisker experience. Mice were sub-
jected to unilateral single whisker experience
(SWE), as done by others (Glazewski et al.,
1996; Barth et al., 2000), in which all large mys-
tacial whiskers on the right side of the snout
(A1–A4, B1–B4, C1–C5, D2–D5, E1–E5, �, �,
�, and �), except for a single whisker (D1), are
carefully removed under isoflurane anesthesia.
During recovery, animals were returned to
their home cages for 16 h and were then deeply
anesthetized (pentobarbital, 100 mg/kg, i.p.)
and perfused intracardially with ice-cold 4%
paraformaldehyde in PBS. Brains were har-
vested and postfixed in 4% PFA and sunk in
30% sucrose at 4°C for immunohistochemical
processing. The hemisphere contralateral to
the spared D1 whisker was marked for subse-
quent identification of the active barrel in free-
floating sections. Brains used for in situ
hybridization (ISH) were harvested after 6 h
SWE, fresh frozen on dry ice, and sectioned at
20 �m thickness on a Leica cryostat. Sections
were thaw mounted on Superfrost Plus Slides
(Thermo Fisher Scientific).

Immunohistochemistry. Free-floating coro-
nal sections (40 �m thick) were obtained using a sliding microtome. All
consecutive sections spanning 1 mm rostrocaudally (approximately be-
tween bregma �1.15 and �2.15), containing the barrel cortex, were
collected. For each immunohistochemical run, sections from wild-type
and knock-out brains were processed simultaneously, using the same
reagents and conditions. After incubation in blocking solution [0.5%

Figure 3. In vivo induction of c-Fos, Egr-1, and BDNF in barrel cortex after SWE is attenuated in the absence of nNOS-derived NO.
A, Top, Representative images depicting c-Fos immunoreactivity within control D1 barrels (corresponding to the undeprived
whisker pad) and experimental D1 barrels (corresponding to the single spared whisker) in both nNOS�/� and nNOS�/� mice.
Cortical layers are labeled on the right. Upregulation of c-Fos immunolabeling is observed within experimental D1 compared with
control D1 in both nNOS�/� and nNOS�/� mice. However, c-Fos induction is attenuated in nNOS�/� mice. Bottom, Quantifica-
tion of c-Fos immunoreactivity after 16 h SWE, expressed as a ratio of experimental D1 over control D1 labeling. B, Induction of
Egr-1 immunoreactivity after 16 h SWE is also less prominent in nNOS�/� mice. Scale bars, 100 �m. C, In situ hybridization against
BDNF reveals that 6 h SWE leads to induction of BDNF mRNA in the experimental D1 barrel, an effect that is attenuated in nNOS�/�

mice. R.O.D., Relative optical density. *p � 0.05; t test; n � 5– 6 per group.
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bovine serum albumin (BSA) in PBS] for 30 min at room temperature,
sections were labeled overnight at 4°C with primary rabbit polyclonal
antibodies against c-Fos (1:10,000, Ab-5; Calbiochem) and Egr-1 (1:
15,000, C-19; Santa Cruz Biotechnology) in 0.1% BSA in PBS plus 0.25%
Triton X-100. After 30 min incubation in biotinylated goat anti-rabbit
secondary antibodies (1:400; Vector Laboratories), sections were incu-
bated in avidin– biotin complex for 30 min (Vector Laboratories) and
3,3�-diaminobenzidine with H2O2 for 5 min. Sections were mounted on
gelatin-coated slides, air dried, dehydrated and defatted by ethanol and
xylenes series, and coverslipped with DPX mounting medium (Aldrich
Chemical Co.).

In situ hybridization. Antisense oligonucleotides matching BDNF exon IX
(5�-TTTATCTGCCGCTGTGACCCACTCGCTACAGCAGATAAA-3�) were
kindly provided by Dr. E. M. Waters (Rockefeller University, New York, NY)
and labeled with [ 33P]dATP. Control sense sequences were used to con-
firm hybridization specificity. The ISH procedure was done as described
previously by Hunter et al. (2006). Air-dried slides were exposed to
Kodak MR autoradiography films for 10 d.

Image analysis. Images were acquired from coded slides in blinded
manner on a Nikon Eclipse 80i microscope with a QImaging Micropub-
lisher 5.0 RTV digital camera, using IPLab software. Same illumination
levels and exposure times were set to acquire images at 10� magnifica-
tion from all consecutive sections containing c-Fos or Egr-1 immunore-
activity in the D1 barrel. Images were acquired from the D1 barrel
contralateral to the single spared D1 whisker (“experimental D1 barrel”)
and from the D1 barrel contralateral to the undeprived whiskers (“con-
trol D1 barrel”). Previous assessments of c-Fos induction in D1 barrel
after 16 h SWE enable location of this structure according to anatomical
landmarks. Digitized images of the experimental and control D1 for each
section were set to eight-bit grayscale and inverted. Average pixel density
for regions lacking immunolabeling was determined within each cap-
tured image and subtracted from that image using NIH ImageJ software
(Gammie and Nelson, 2001; Matys et al., 2004; Dallaporta et al., 2007).
Images were set at a fixed optical density threshold value for each run,
and a region of interest (ROI) box was drawn around the experimental
D1 barrel and applied to the image of its corresponding control D1
barrel. NIH ImageJ particle analysis tool was used to measure the mean
area of immunoreactivity within that ROI (Gammie and Nelson, 2001;
Matys et al., 2004; Dallaporta et al., 2007), thereby avoiding automated
counting of overlapping c-Fos or Egr-1-like nuclei as one particle (Dal-
laporta et al., 2007). The immunoreactive area for the experimental D1
was normalized to the immunoreactive area for the control D1 barrel
within each section to control for individual differences in basal expres-
sion levels of these proteins. Values were expressed as the mean induction
of immunoreactivity across all measured sections in each brain. For
BDNF ISH, images were processed using MCID software. Relative opti-
cal density was measured bilaterally, within the experimental and control
D1 barrel columns, whereas background density from a region lacking
hybridization (corpus callosum) was subtracted.

Data analysis. Data are expressed as mean � SEM. Statistical analyses
were performed using GraphPad Prism software. Two-group compari-
sons were analyzed by Student’s t test. Multiple comparisons were eval-
uated by ANOVA and Tukey’s post hoc test, when appropriate. Statistical
significance was considered for p � 0.05.

Results
Nitric oxide activates neuronal ERK signaling
To determine whether nNOS-derived NO plays a role in neuro-
plasticity associated gene expression, we examined whether ERK
signaling is triggered by synaptic NMDAR activation, using a
well-established in vitro model of neuroplasticity (Hardingham
et al., 2002; Arnold et al., 2005). Primary cortical neuronal cul-
tures were stimulated with the GABAA receptor antagonist bicu-
culline, which suppresses tonic GABAergic inhibition and
triggers synaptically evoked bursts of action potentials (Arnold et
al., 2005). This synchronous bursting depends on calcium influx
through synaptic NMDAR and constitutes a form of neuronal
network plasticity (Hardingham et al., 2002; Arnold et al., 2005).

The dual phosphorylation of the ERK cascade downstream effec-
tors p44/p42 mitogen-activated protein (MAP) kinase (ERK1/2)
was examined by Western blot after 5 min of bicuculline treat-
ment. Bicuculline (50 �M) resulted in a robust increase in phos-
pho-ERK1/2, an effect suppressed by the NMDAR antagonist
MK-801(10 �M), confirming that ERK signaling relies on active
NMDAR (Fig. 1A). To determine whether NO contributes to the
NMDAR-dependent activation of ERK, we pretreated cultures
with the nonselective NOS inhibitor L-NAME (2 mM) or the
nNOS inhibitor TRIM (100 �M). The bicuculline-evoked in-
crease in phospho-ERK1/2 levels was attenuated by either
L-NAME or TRIM (Fig. 1A). These results suggest that nNOS-
derived NO is involved in the activation of the ERK pathway after
a neuroplasticity-inducing stimulus.

The full expression of plasticity-related proteins induced by
bicuculline depends on nNOS-derived NO
Our data indicating that NO is involved in the activation of ERK
raises the possibility that NO contributes to the expression of key
proteins associated with neuroplasticity. First, we determined
whether the ERK pathway is specifically involved in the expres-
sion of neuroplasticity-associated proteins. To this end, we ana-
lyzed the levels of the transcription factors c-Fos and Egr-1 and
synaptic effector proteins Arc and BDNF after bicuculline. Bicu-
culline treatment increased the levels of c-Fos, Egr-1, Arc (1 h),
and BDNF (8 h) (Fig. 1B). Pretreatment with the MAP kinase
kinase 1 (MEK1) inhibitor PD98059 (50 �M), which inhibited
ERK1/2 phosphorylation (Fig. 1A), blocked the bicuculline-
induced expression of all four proteins (Fig. 1B). The bicuculline-
evoked increase in protein expression also relied on NMDAR
activation, because it was reduced by MK-801 (Fig. 2A). Next, we
investigated whether NO is involved in the expression of plasticity-
related proteins. NOS inhibition with either L-NAME or TRIM at-
tenuated bicuculline-induced expression of c-Fos, Egr-1, Arc, and
BDNF (Fig. 2B,C), indicating that nNOS-derived NO is required for
the full induction of key proteins associated with neuroplasticity. In
addition, we found that NOS inhibitors suppress the bicuculline-

Figure 4. ERK activation involves the NO targets sGC and PKG. A, Inhibition of sGC with ODQ
(100 �M) or of PKG with KT5823 (KT; 5 �M) leads to attenuated ERK1/2 phosphorylation after 5
min bicuculline (Bic). B, ERK1/2 phosphorylation evoked by 5 min bicuculline is not affected by
pretreatment with the ROS scavenger MnTBAP (TBAP; 200 �M). *p � 0.05 from vehicle (Veh),
#p � 0.05 from bicuculline; ANOVA and Tukey’s test; n � 5 per group.
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induced phosphorylation of the BDNF receptor TrkB (Fig. 2C). Be-
cause TrkB is autophosphorylated and activated when bound by
BDNF (Huang and Reichardt, 2003), this observation suggests that
NO may be necessary for BDNF signaling.

nNOS-derived NO is involved in the induction of c-Fos,
Egr-1, and BDNF in the whisker barrel cortex after
single-whisker experience
To determine whether nNOS-derived NO is critical for gene expres-
sion associated with neuroplasticity in vivo, we used a model of
experience-dependent plasticity in the whisker barrel cortex (Glaze-
wski and Fox, 1996; Barth et al., 2000; Clem et al., 2008). In this SWE
model, mice are deprived of all but one whisker on one side of the
face and then allowed to naturally explore their environment. In
adult mice, a period of 16–24 h of SWE evokes NMDAR-dependent
potentiation at synapses within the barrel corresponding to the “ac-
tive” spared whisker (Barth et al., 2000; Clem et al., 2008). Because
SWE-induced plasticity occurs specifically in the active barrel col-
umn, this provides a unique opportunity to assess the expression of
genes and proteins within a site undergoing plasticity (Barth et al.,
2000, 2004; Clem et al., 2008). We used this model to determine

whether nNOS-derived NO is involved in
plasticity-related protein expression by
comparing the induction of c-Fos and Egr-1
in nNOS�/� and nNOS�/� mice 16 h after
the removal of all whiskers unilaterally, ex-
cept for D1. Using immunohistochemistry
and light microscopic analysis, we assessed
c-Fos or Egr-1 immunoreactivity within the
D1 barrel corresponding to the spared whis-
ker (termed experimental D1) and in the
control D1 barrel (corresponding to the un-
deprived whiskers) for each brain section
containing c-Fos or Egr-1 induction in the
D1 barrel. We found an increase of c-Fos
immunoreactivity in the experimental D1
over the control D1 barrel in nNOS�/�

mice, but the increase was attenuated in
nNOS�/� (Fig. 3A). Similarly, the increase
in Egr-1 immunoreactivity induced by SWE
was attenuated in nNOS�/� mice (Fig. 3B).
Upregulation of BDNF mRNA was previ-
ously demonstrated after 6 h of artificial
whisker stimulation (Rocamora et al., 1996).
Therefore, using in situ hybridization, we
compared induction of BDNF mRNA in
nNOS�/� and nNOS�/� after 6 h SWE. We
found robust BDNF induction in the experi-
mental D1 of nNOS�/� mice after SWE (Fig.
3C). However, the BDNF induction observed
in nNOS�/� mice was attenuated compared
withnNOS�/�mice(Fig.3C).Thesedatasug-
gest a role for nNOS-derived NO in the gene
and protein expression linked to experience-
dependent plasticity.

ERK activation involves the NO targets
soluble guanylyl cyclase and PKG
Next, we used the bicuculline model to ex-
amine the signaling pathways by which NO
activates ERK. Because many of the biolog-
ical effects of NO are mediated by activation
of soluble guanylyl cyclase (sGC) and its

synthesis of the second-messenger cGMP (Hofmann et al., 2006;
Francis et al., 2010), we tested whether sGC was involved in ERK
activation induced by bicuculline. Pretreatment of cultures with the
sGC inhibitor ODQ (100 �M) attenuated ERK1/2 phosphorylation
after bicuculline (Fig. 4A). Furthermore, KT5823 (5 �M), an inhib-
itor of PKG, the main target of cGMP (Hofmann et al., 2006), also
attenuated ERK1/2 phosphorylation (Fig. 4A), suggesting that PKG
is involved in ERK activation. NO may also exert its effects via the
signaling molecule peroxynitrite, the product of the reaction of NO
with the free radical superoxide (Liaudet et al., 2009). Therefore, we
examined whether superoxide was involved in ERK activation. In
contrast to the effects of ODQ and KT5823, the cell-permeable
reactive oxygen species (ROS) scavenger MnTBAP (200 �M) did
not affect ERK1/2 phosphorylation (Fig. 4B). Collectively, these
findings implicate cGMP and PKG as the major NO effectors in
ERK activation.

Inhibition of sGC and PKG attenuates the expression of
plasticity-related proteins induced by bicuculline
Because ERK activation involves cGMP and PKG, we examined
whether these mediators also contribute to the expression of

Figure 5. Inhibition of sGC and PKG attenuates the expression of plasticity-related proteins induced by bicuculline. A, ODQ
attenuates the expression of c-Fos, Egr-1, Arc (1 h), and BDNF (8 h) after bicuculline (Bic)-induced synaptic activity. B, KT5823 (KT)
also attenuates the induction of all four plasticity-related proteins. C, MnTBAP (TBAP) has no effect on the induction of c-Fos, Egr-1,
Arc, or BDNF. *p � 0.05 from vehicle (Veh), #p � 0.05 from bicuculline; ANOVA and Tukey’s test; n � 5 per group.
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neuroplasticity-associated proteins. The sGC inhibitor ODQ at-
tenuated the induction of c-Fos, Egr-1, Arc, and BDNF after bi-
cuculline (Fig. 5A). Likewise, the PKG inhibitor KT5823
attenuated the bicuculline-induced increase in all four proteins
(Fig. 5B). The degree of reduction in all four proteins obtained
after sGC or PKG inhibition was comparable with that observed
after NOS inhibition (Fig. 2B,C). In contrast, MnTBAP had no
effect on protein levels after bicuculline (Fig. 5C). These findings
implicate NO, cGMP, and PKG in the expression of plasticity-
related proteins.

NO contributes to nuclear accumulation of the CREB
coactivator TORC1 and to Elk-1 phosphorylation
We then examined the role of NO in the activation of the nuclear
targets of ERK: CREB and Elk-1. First, we tested whether ERK is
involved in phosphorylation of CREB at Ser-133, a key event in
CREB-mediated transcription (Lonze and Ginty, 2002; Alberini,
2009). Indeed, the MEK inhibitor PD98059 attenuated the in-
crease in phospho-CREB after 5 min bicuculline (Fig. 6A). To
determine whether NO contributes to CREB phosphorylation,
we tested the effect of NOS inhibition on phospho-CREB levels
after bicuculline. The bicuculline-evoked increase in phospho-
CREB was not affected by either L-NAME or TRIM (Fig. 6B),
suggesting that NO is not involved in CREB phosphorylation.
Although CREB phosphorylation is key for CREB activity, it is
not sufficient to drive CREB-dependent gene expression (Al-
berini, 2009), raising the possibility that NO may activate CREB

through a different mechanism. The TORC protein family has
emerged as a critical Ser-133-independent means of CREB acti-
vation (Conkright et al., 2003). TORC translocation into the nu-
cleus is an essential step in CREB-mediated transcription
(Bittinger et al., 2004). We examined TORC1 immunofluores-
cence in cortical cultures after 30 min bicuculline and found an
increase in TORC1 labeling associated with the nucleus (Fig. 6C).
This was confirmed using subcellular fractionation, which re-
vealed increased TORC1 levels in the nuclear fraction after 30
min bicuculline (Fig. 6D). This effect was reduced by PD98059,
suggesting an involvement of ERK in TORC1 regulation (Fig.
6D). To test the involvement of NO, cultures were pretreated
with L-NAME or TRIM. Nuclear TORC levels after bicuculline
were attenuated after NOS inhibition, pointing to a role of NO in
TORC1 nuclear accumulation (Fig. 6E).

Active Elk-1 interacts with target DNA and the serum re-
sponse factor, driving serum response element (SRE)-dependent
transcription (Buchwalter et al., 2004). Elk-1 is activated by direct
phosphorylation by ERK1/2 (Buchwalter et al., 2004), but
whether Elk-1 activation involves NO is unknown. We examined
phosphorylation of Elk-1 on Ser-383, the major residue enabling
ternary complex formation and transactivation (Gille et al.,
1995). We found that phospho-Elk-1 levels were increased after 5
min bicuculline in an ERK-dependent manner, because PD98059
prevented Elk-1 phosphorylation (Fig. 6F). Pretreatment with NOS
inhibitors attenuated phospho-Elk-1 levels after bicuculline, sug-
gesting an involvement of NO in Elk-1 activation (Fig. 6G).

Figure 6. NO contributes to nuclear accumulation of CREB coactivator TORC1 and to Elk-1 phosphorylation. A, CREB phosphorylation on Ser-133 (p-CREB) is increased after 5 min bicuculline (Bic)
and attenuated by PD98059 (PD). B, The bicuculline-evoked increase in p-CREB is not affected by L-NAME or TRIM. C, Increased TORC1 immunofluorescent labeling in the nuclei of cortical neurons
treated with bicuculline for 30 min, as shown by the arrowheads. TO-PRO-3 was used to stain and identify cell nuclei. D, E, TORC1 levels are increased in the nuclear fraction of cortical neuron lysates
after 30 min bicuculline. This increase is attenuated by PD98059 (D) and by either L-NAME or TRIM (E). The nuclear protein Sp1 was used as loading control. F, G, Elk-1 phosphorylation on Ser-383
(p-Elk-1) induced by 5 min bicuculline is blocked by PD98059 (F ) and attenuated by NOS inhibition (G). *p � 0.05 from vehicle (Veh), #p � 0.05 from bicuculline; ANOVA and Tukey’s test; n � 5
per group.
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Discussion
NO is known to play an important role in NMDAR-dependent
neuroplasticity (Garthwaite, 2008). However, it is unclear how
this short-lived molecule contributes to the underlying long-
term synaptic modifications. Considering that persistent changes
in neuronal function and structure typically require new gene
expression (Flavell and Greenberg, 2008), we tested the hypoth-
esis that nNOS-derived NO is involved in the expression of pro-
teins critical to neuroplasticity. We found that neuronal NO is
required for the full expression of c-Fos, Egr-1, Arc, and BDNF in
cortical cultures after bicuculline-evoked synaptic activity. More-
over, we found that NO not only participates in BDNF expression
but is also required for activation of the BDNF receptor TrkB. In
vivo, we found that nNOS-derived NO contributes to the induc-
tion of c-Fos, Egr-1, and BDNF in the affected barrel after single
whisker experience, supporting our in vitro findings. The signal-
ing pathways underlying this effect involve cGMP, PKG, and
ERK. In addition, we identified a role for NO in the activation of
transcriptional regulators Elk-1 and TORC1. By implicating NO
and its signaling targets as a key link between NMDAR and pro-
tein synthesis, these new observations provide a more complete
understanding of the mechanisms by which neuronal NO leads to
the long-term modifications associated with neuroplasticity.

The ERK signaling cascade is a major link between synaptic
stimuli and gene expression (Thomas and Huganir, 2004). We
found that activation of this pathway involves NO. A previous
study in hippocampal neurons implicated NO in the activation of
p21Ras, an upstream effector of the ERK cascade (Yun et al.,
1998). Although this finding established a potential link between
NO and ERK, its relevance to neuroplasticity is unclear because
the stimulation method used activates both synaptic and extra-
synaptic NMDAR, which have opposing roles in the activation of
ERK (Ivanov et al., 2006). In the present study, we used the bicu-
culline model, which activates only the synaptic NMDAR popu-
lation (Hardingham et al., 2002; Arnold et al., 2005), and found
that NOS inhibition attenuates ERK activation. These observa-
tions, in concert with previous evidence for involvement of NO in
p21Ras activation (Yun et al., 1998), implicate ERK signaling as a
key target for the regulation of gene expression by NO.

We found that NO contributes to ERK activation and
plasticity-related protein expression via cGMP and PKG. cGMP
mediates many of the biological effects of NO, and, in neurons,
this cyclic nucleotide is involved in NO-dependent forms of syn-
aptic plasticity in hippocampus and other brain regions (Boulton
et al., 1995; Kleppisch and Feil, 2009). Moreover, elevations in
cGMP levels by inhibition of cGMP-hydrolyzing phosphodies-
terases have been shown to reverse deficits in LTP and LTD in
neurodegenerative disease models (Puzzo et al., 2009; Picconi et
al., 2011). Because both nNOS and the �2�1 isoform of sGC are
anchored to the postsynaptic membrane through their interac-
tion with postsynaptic density protein-95 (Brenman et al., 1996;
Russwurm et al., 2001), postsynaptic sGC can be rapidly activated
by NO, making it a likely mediator of NMDAR–nNOS signaling
(Russwurm et al., 2001). PKG is a major target of cGMP in neu-
rons and is involved in the activation of CREB and other tran-
scription factors (Lu et al., 1999; Kleppisch and Feil, 2009). Our
experiments in cortical cultures demonstrate a role for cGMP and
PKG in neuronal ERK activation and in the expression of
plasticity-related proteins. Therefore, our data provide evidence
for a pathway linking activation of NMDAR at the synapse to
ERK signaling, partly through NO/cGMP/PKG.

NO could also react with superoxide to form peroxynitrite,
which can modulate various cellular signaling pathways (Liaudet
et al., 2009). However, we found no effect on either ERK activa-
tion or protein expression using the ROS scavenger MnTBAP,
suggesting that an NO-superoxide reaction is unlikely to mediate
these effects. Another mechanism by which NO could exert its
effects on gene expression is via S-nitrosylation of target proteins,
such as transcription factors or histone deacetylases (HDAC)
(Contestabile, 2008; Nott and Riccio, 2009). NO was shown re-
cently to be involved in CREB binding to target DNA sequences after
stimulation with exogenous BDNF (Riccio et al., 2006). This effect
did not depend on cGMP/PKG or ERK but on S-nitrosylation of
HDAC2, facilitating CREB–DNA binding (Riccio et al., 2006;
Nott et al., 2008). In contrast, our findings suggest that, in re-
sponse to synaptic NMDAR activation, cGMP, PKG, and ERK
contribute to the expression of key plasticity-related proteins.
This raises the interesting possibility that NO, when produced
after distinct extracellular stimuli, can initiate different signaling
pathways leading to gene expression. These pathways could work
in parallel to converge on transcriptional regulation or could
occur sequentially, whereby NMDAR–NO leads to BDNF expres-
sion, which then results in NO production and S-nitrosylation of
nuclear proteins. However, additional work is required to define
these possible relationships.

We also studied the involvement of NO in the activation of
well-known ERK nuclear targets CREB and Elk-1. Phosphoryla-
tion of CREB at Ser-133 is considered a prerequisite for CREB

Figure 7. Hypothetical model of the role of neuronal NO in neuroplasticity-associated pro-
tein expression. Ca 2� influx through NMDAR on the postsynaptic membrane activates nNOS.
The resulting NO is required for ERK activation and for the full expression of plasticity-related
proteins, an effect primarily mediated by cGMP and PKG. In addition, NO contributes to Elk-1 but
not CREB phosphorylation. However, NO may activate CREB by modulating nuclear accumula-
tion of its essential coactivator TORC1. Although NO-independent pathways may also be acti-
vated by NMDAR, NO exerts significant control over gene expression. These effects of NO may
occur postsynaptically, as depicted in the schematic, but can also take place in neighboring or
synaptically apposed neurons, as NO diffuses across the plasma membrane.
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activation (Alberini, 2009). However, in agreement with Riccio et
al. (2006), we found that NO is not required for CREB phosphor-
ylation. Instead, our results indicate that NO contributes to
activity-dependent TORC1 nuclear accumulation. Because this is
considered to be a necessary step for CREB activation (Bittinger
et al., 2004), our findings suggest a novel role for NO and ERK in
the regulation of TORC1/CREB-dependent gene expression.
Furthermore, our data reveal an involvement of NO in the phos-
phorylation of Elk-1, pointing to a new role for NO in Elk-1
activation, which is a main mechanism leading to SRE-dependent
gene expression (Buchwalter et al., 2004). Together, our results
suggest that NO contributes to gene expression through the reg-
ulation of different transcription factor targets of the ERK signal-
ing pathway.

In conclusion, we found that nNOS-derived NO contributes
to the induction of proteins involved in synaptic changes in neu-
roplasticity models in vitro and in vivo (Fig. 7). The signaling
pathway responsible for this effect involves cGMP, PKG, and
ERK. Moreover, the effect of NO on protein expression does not
involve CREB phosphorylation but may be linked to the CREB
coactivator TORC1 and the transcription factor Elk-1. These
findings provide new evidence that NO, a short-lived mediator,
participates in the long-term molecular changes underlying neu-
roplasticity, in part by regulating the expression of critical pro-
teins governing synaptic structure and function.
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